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A stable, sustainable and partly independent water supply is crucial to a flourish city-state 
like Singapore. The domestic water consumption per capita in Singapore 2013 is 151L/day, 
and 59% of this becomes greywater (wastewater from shower, laundry and basin). 
Greywater is currently reused in numerous nations, and it could be an alternate source of 
water. Conventional treatments of greywater are highly energy-consuming or complicated. 
The purpose of this research is to evaluate the potential of bioretention systems for treating 
greywater in Singapore. Some locally available materials were screened to treat surfactants, 
a major contaminant in greywater. Among the tested materials, sand showed almost no 
adsorption; silt had a little removal; top soil had a good performance in the test, which 
means it may contribute most of the surfactant removal by absorption among the main 
components of the filter media. As carbon source of the engineered soil, compost released 
too much TOC and TN compared to coconut fiber. Rice husk and rice husk ash did not do 
well. GAC is promising for polishing. Fe2O3 was not working well and fly ash may be 
hazardous. The materials with good performance were applied in column studies. In the 
best scenario, engineered soil (coconut fibre, WTR, silt, top soil, sand) can reduce 98.4% 
of LAS (linear alkylbenzene sulfonates) to about 1ppm, and 94.5%TOC to about 4ppm in 
artificial greywater. When the regulation is strict, 5% of GAC could be added to gain a 
99.33% removal of LAS and 97.27% removal of TOC to 2.162ppm, higher portion of GAC 
may not be cost effecive. This study showed that bioretention systems could be a promising 
treatment of greywater. 
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Chapter 1 Introduction 
 
1.1 Water resource 
Water is essential to all the creatures in the world, including fauna, flora, protozoa, fungi 
and bacteria. Although 71% of the world is covered with water, and the water lost into the 
space can be neglected, water scarcity remains a problem. For most of the activities in the 
society, only fresh water is acceptable. Only 2.5% of water is fresh water, and most of 
them are glacier or deep groundwater that cannot be easily accessed. Today, people use as 
much as about 10% of the total circulating renewable fresh water (Oki et al., 2006). 
According to the estimation from UN, in 2014，768 million people have to use untreated 
water, and about 2.5 to 3.5 billion people are suffering from water that are without 
improved sanitation(UNESCO, 2014). 
Fresh water is crucial to metropolitans like Singapore. Most cities emerged from fresh 
water sources and shaped by fresh water. However, urban areas today are heavily populated 
and full of industries, which lead to high water demand. Cities are complicated systems 
consuming large quantity of fresh water, thus susceptible to the chronical and spatial 
unevenly distributed fresh water supply.  
For Singapore, a flourish city state, fresh water becomes essential. Singapore is a city with 
no aquifer and limited land to collect and store water. This state suffered from drought, 
floods and water when it is founded. (http://www.pub.gov.sg/water/Pages/ 
singaporewaterstory.aspx) .The water supply of Singapore, known as the ‘Four National 
Taps’, comprises local catchment water, imported water, highly-purified reclaimed water 
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known as NEWater, and desalinated water. NEWater and desalinated water can meet up to 
80% of the water demand in 2060. (http://www.pub.gov.sg/water/Pages/singapore 
waterstory.aspx) Although NEWater and desalinated water are relatively capital and energy 
consuming, it is important for this city-state to be able to not rely on imported water at least 
for political reasons.  
1.2 Greywater 
Some developed countries provide potable water for all the water users. However, lower-
quality water will satisfy some water users, like industrial cooling and landscape irrigation 
(Grant et al., 2012). The fresh water supply in Singapore are basically potable water, it is 
affordable for this city-state, but perhaps too energy intensive. NEWater means wastewater 
treated by conventional process followed by microfiltration, reverse osmosis, and 
Ultraviolet. The quality of NEWater is good and it is safe for drinking. However, NEWater 
production is capital and energy intensive. Lower-quality water can be generated from 
wastewater to satisfy some not potable use, which will be more cost-effective than 
producing NEWater for all the usages. 
Greywater means “untreated used water which has not come into contact with toilet waste. 
It includes used water from showers, bathtubs, wash basins and water from clothes-
washing and laundry tubs. It excludes used water from urinals, toilet bowls (water closets), 
kitchen sinks or dishwashers.”(http://www.pub.gov.sg/conserve/Commercial   
OperatorsAndOther/Pages/AlternateSourceofWater.aspx). Nowadays, if greywater is 
reused in Singapore, it will probably become NEWater. 
As is shown in Figure 1, 19% of domestic water is used for laundry, 29% for shower and 
10% for basin. All of the three domestic water demand mentioned above, as much as 58%, 
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becomes greywater. It is a main component of the domestic wastewater, but it can also be 
a promising water source.   
 
Figure 1 Break down of domestic water consumption in a typical Singaporean 
household(adjust from PUB,2014) 
 
Greywater can be treated for potable use. It is one of the main sources of NEWater, and 
on average 2.5% of NEWater will be blended with raw water in reservoirs and treated 
into potable water. Such process is more common than it sounds like. Some American 
cities, including Orange County and Phoenix, have been practicing this for more than 
two decades. And effluents from domestic water treatment plants upstream are often 
mixed with raw water in the river and become the influent of drinking water treatment 
plants. (http://www.pub.gov.sg/water/newater/plansfornewater/Pages/default.aspx? 
Print2=yes). Since 1969, treated greywater have been a indirect potable water supply in 
the capital of Namibia, and the local people are so courageous that the percentage of 
treated greywater can sometimes be  as large as 35% (du Pisani, 2006). Greywater 


















In some cases, low-quality water can be used as substitution of potable water to save 
the cost and energy. As is mentioned above, NEWater is effluent from conventional 
followed by microfiltration, reverse osmosis, and Ultraviolet. Greywater in Namibia is 
treated by conventional wastewater treatment plant and blended with raw water, and 
then coagulation/flocculation, dissolved air flotation, rapid sand filtration, granular 
activated carbon adsorption and finally chlorination. In a typical household, the amount 
of water used for cooking and drinking is very little. In China, it is only about 2% (Tao 
et al., 2014). This part of water should be potable water. The quality of water in kitchen, 
laundry, shower and basin can be slightly lower because this part of water contact 
human body on the skin or indirectly. Use potable water for toilet flushing is defiantly 
a waste. Treated greywater can also serve as a substitution of potable water for 
agriculture and industrial uses. Greywater has been used for irrigation all over the world, 
like Arizona, California, Australia, United Kingdom, Cyprus, Jordan, Canada and Israel. 
(Oron et al., 2014) In this way, fewer treatment processes lead to less energy 
consumption. What is more, since greywater is divided from domestic wastewater, the 
remaining part will contain higher BOD, which makes it suitable for anaerobic 
treatment to generate some energy from methane. Using low-quality water as 








Almost all the water treatment technologies have been used on greywater. Conventional 
treatment is relatively energy intensive. Membrane technologies are not economically 
unfeasible. Anaerobic technologies such as Up-flow anaerobic sludge blanket (UASB) 
are more suitable for wastewater containing high concentration of organics, and the 
COD of its effluents could still be several hundred ppm, and experienced operators are 
also needed. So these methods are not very suitable for greywater treatment. 
Bioretention system is economical and simple, which makes it a better choice for 
greywater treatment. 
Bioretention system, or rain garden, is to “filtering stormwater runoff through densely 
planted surface vegetation as a means of pre-treatment before they infiltrate/percolate 
through a prescribed filter media.”(PUB a, 2014) And its size can be various, “from 
planter boxes, to streetscape rain gardens integrated with traffic calming measures, to 
system contained within retarding basins.” (PUB a, 2014). Though bioretention systems 
are initially designed for rainwater, its functions like adsorption, filtration and 
biodegradation make it suitable for greywater. If properly designed, a sand filter can 
reduce BOD5 in artificial greywater from 160 ± 49 mg/L to 1.8 ± 1.4 mg/L, COD from 
304 ± 66 mg/L to 7 ± 2 mg/L in the best scenario (Assayed et al., 2014). Bioretention 
systems can provide better adsorption than sand filters with a complex media and better 
biodegradation with the plants. To sum up, bioretention systems are simple and not too 
energy consuming, with good performance and various sizes, which make it a 




1.4 Objectives of the study 
A total of 58% of domestic wastewater becomes greywater, which make it a water 
resource that should not be neglected. Bioretention system has been proven successful 
in treating rainwater, and its structure and material make it suitable for greywater 
treatment. Due to its economically feasible, low energy consumption, simplicity and 
flexible in sizes, bioretention system is a better choice compared to other technologies.  
The filter media of bioretention systems is crucial, as its functions include filtration, 
adsorption, and support of plant and microbial growth. As mentioned above, sand has 
been proven to be an excellent filter media of bioretention systems for greywater 
treatment. However, Malaysia banned sand exports since 1997 and Indonesia in 2007. 
Thus, sand has been costly and not easily available in Singapore (The Economist, 
2009). To find a filter media contains less sand and readily available in Singapore is 
essential for bioretention systems for greywater to be practiced here. 
The objectives of this research are to  
1 examine whether bioretention systems are suitable for greywater treatment in             
Singapore and 









Chapter 2 Literature review 
2.1 Characteristics of greywater 
Greywater means “untreated used water that has not come into contact with toilet waste. It 
includes used water from showers, bathtubs, wash basins and water from clothes-washing 
and laundry tubs. It excludes used water from urinals, toilet bowls (water closets), kitchen 
sinks or dishwashers.”(http://www.pub.gov.sg/conserve/CommercialOperatorsAndOther 
/Pages /AlternateSourceofWater.aspx). 
However, greywater in other research can be high pollutant greywater that includes used 
water from kitchen, or low pollutant greywater that excludes used water from kitchen and 
laundry. (Boyjoo et al., 2013) The characteristics of such greywater will also be discussed 
below. 
2.1.1 COD 
Chemical oxygen demand (COD) is commonly used to evaluate the concentration of 
organics in wastewater. The reported COD of greywater ranges from around 20mg/L in 
floor cleaning water in Korea (Kim et al., 2007) to 2568mg/L in mix greywater (kitchen 
waste water included) in Jordan. (Halalsheh et al., 2008) 
For the low pollutant greywater, the COD range is between 20~700mg/L. (Boyjoo et al., 
2013) COD of shower greywater in Taiwan is 55 mg/L. (Lin et al..2005) while that in 
Morocco is 109-122 mg/L (Merz et al., 2007; Scheumann et al., 2007). Considering bath 
greywater and shower greywater, the COD of it in France is 399 mg/L, with dissolved COD 
136 mg/L, (Chaillou et al., 2011) ,and 100– 633mg/L in Germany. (Nolde2000). And if 
greywater from washing basin included, COD in the UK is 86-575mg/L (Pidou et al., 
2008;Winward et al., 2008b), 72.7–171mg/L in Spain (March et al., 2004; Gual et al., 
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2008),86-110mg/L in Israel (Ramona et al., 2004; Friedler et al.,2008, 2005; Friedler& 
Gilboa 2010).and 58–294.3mg/L in Oman (Prathapar et al., 2005) 
For the high pollutant greywater, the COD range is between 50~2568mg/L. (Boyjoo et al., 
2013) COD of kitchen wastewater in Japan is 271 mg/L. (Itayama et al.,2006).Kitchen and 
shower mixed greywater in Korea has a COD of 50~400 mg/L (Kim et al., 2009) Laundry 
greywater in Slovenia has a COD of 280 mg/L (Sostar-Turk et al.,2005), and 400~1000 
mg/L in Italy (Ciabattia et al., 2009). The COD of mixed greywater is 244~284 mg/L in 
India (Mandal et al., 2011), 411 mg/L in Nepal (Morel &Diener2006), 646 mg/L in Brazil 
(Paulo et al.,2009),640 mg/L in Germany ,with 125~354 mg/L dissolved (Li et al., 
2003;Elmitwalli & Otterpohl 2007),520 mg/L in Sweden (WHO 2006),686 mg/L in Israel 
(Gross et al.,2005) and 177~277 mg/L in Turkey (Atasoy et al., 2007;Scheumann et al., 
2007; Masi et al.,2010). 
Excluding the data in Jordan as it is arid and short of water, and assuming that kitchen 
greywater is not mixed, the COD of greywater may be around or below 500mg/L for 
developed area with sufficient water. Bioretention systems are often used for rain water 
harvesting. The greywater COD values here are much higher than that of rain water. 
However, bioretention systems are also used for carwash runoff, which also contains much 
more pollutants like COD, BOD, TP, surfactant, etc. (Bakacs et al., 2013) Constructed 
wetlands, like bioretention systems, consist mainly of soil filter and plants. Gross et al. 
(2007) used constructed wetland for grey water treatment. COD of the greywater was 
treated from 839 mg/L to 157 mg/L. Though the COD values found in the literature are 
higher than typical domestic wastewater, it is possible that greywater treated by 




Biochemical oxygen demand (BOD) is often used to evaluate the biodegradable organic 
pollutant in wastewater. Though it usually takes five days to get the data, BOD5 remains in 
the water quality regulations all over the world including Singapore. The BOD5 data in 
greywater vary a lot, ranging from 23 mg/L in shower wastewater in Taiwan (Lin et al., 
2005), to 1056 mg/L of mixed greywater in Jordan. (Halalsheh et al., 2008) 
For the low pollutant greywater, the BOD5 range is between 23~300mg/L. (Boyjoo et al., 
2013). BOD5 of bath greywater in Australia is 76-200mg/L (Christova-Boal et al., 1996). 
The data of bath and shower greywater is 240mg/L in France (Chaillou et al., 2011), and 
50~300mg/L in Germany (Nolde 2000), and 53-59mg/L in Morocco (Merz et al.2007; 
Scheumann et al., 2007). If greywater from washbasin included, the BOD5 is 20~166mg/L 
in the UK (Pidou et al., 2008; Winward et al., 2008b), and 59~104mg/L in Isreal (Ramona 
et al.,2004; Friedler et al.,2008, 2005; Friedler& Gilboa, 2010) 
For the high pollutant greywater, the BOD5 range is between 48~2568mg/L. (Boyjoo et al., 
2013). Laundry greywater’s BOD5 is 48~290 mg/L in Australia (Christova-Boal et 
al.,1996), 195 mg/L in Slovenia (Sostar-Turket al.2005), and 179.7 mg/L in Oman 
(Prathapar et al.,2005). Kitchen greywater in Japan has a BOD5 of 477mg/L (Itayama et 
al.,2006). The most reported data is BOD5 of mixed greywater, 56~100mg/L in India 
(Mandal et al., 2011), 200mg/L in Nepal (Morel &Diener2006),167mg/L in Costa 
Rica(Dallas et al.,2004), 435mg/L in Brazil (Paulo et al.,2009) ,260mg/L in Sweden  
(WHO 2006), 270mg/L in Israel (Gross et al.,2005)，and 90~116 mg/L in Turkey(Atasoy 
et al., 2007;Scheumann et al., 2007;Masi et al.,2010) 
Except for the data in Jordan, Most of the BOD5 data are around or below 300mg/L. The 
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BOD5/COD ratio here of all the data above is 0.47 ± 0.13，which means the greywater 
samples listed here are quite suitable for biological treatment. As mentioned above, Gross 
et al., (2007) used constructed wetland for grey water treatment. BOD5 of the greywater 
was treated from 466 mg/L to 0.7 mg/L. Though the BOD5 values found in the literature 
are higher than typical domestic wastewater, it is possible that greywater treated by 
biotetention system can meet the standard of the regulations. 
2.1.3 TOC 
In most water quality regulations, COD and BOD5 are chosen as parameter to evaluate the 
organic pollutant concentration in water. However, BOD5 takes five days to get the data; 
thus it is difficult to react according to this parameter. COD detection needs a shorter time, 
but the chemicals involved are rather hazardous, like concentrated sulfuric acid, mercury, 
and chromium. Total organic carbon (TOC) can be detected automatically, and the 
detection does not need hazardous chemicals. It is more convenient to choose TOC as the 
parameter to evaluate the organic pollution in water.  
The TOC values of low pollutant greywaters are all below 100mg/L. For the bath and 
shower greywater, the TOC is 50.6mg/L in France (Chaillou et al., 2011), 26~95mg/L in 
Germany (Nolde 2000). If greywater from washbasin included, the TOC is 12~56mg/L in 
the UK (Pidou et al., 2008; Winward et al., 2008b), 41~58mg/L in Spain (March et al.,2004; 
Gual et al. 2008) and 70.2~83.5mg/L in Oman (Prathapar et al. 2005) 
The TOC of high pollutant greywater are relatively higher, but all below 200mg/L. The 
TOC of laundry greywater in Oman is 174.6mg/L (Prathapar et al., 2005). For mixed 
greywater, the TOC is 157~184.3mg/L in Holland (Hernandez Leal et al. 




TOC detection is faster than BOD5 detection and safer than COD detection. The 
relationship between BOD5/COD and TOC is reported to be strong and significant (Aziz 
and Tebbutt, 1980). For example, a regress equation can be drown from BOD5 and TOC 
relation in domestic wastewater influent in 11 waste water treatment plants in Ireland: 
BOD5 = 1.68* TOC + 23.7, r = 0.963 ,p = 0.000 .To sum up, it is generally reliable to use 
TOC as replacement of BOD5 and COD(Dubber and Gray, 2010). 
2.1.4 Surfactant 
As is mentioned above, according to the PUB definition, greywater means wastewater from 
laundry, shower, and washbasin. To clean the surface of cloth, skin of hand and other parts 
of the body and hair, especially to get rid of oil, surfactant is needed in all such situations. 
The daily chemicals that enter the three greywater sources, like shampoo, washing powder 
and washing liquid, inevitably contain a large quantity of surfactant to obtain their main 
function. Thus, a large amount of surfactant exists in all three sources of greywater. 
According to van de Wijst and Groot-Marcus(1998), surfactants accounts for 30% of the 
COD in greywater, and Hernandez et al.(2011a) calculated that surfactants account for 15% 
of the COD. Surfactant is a critical pollutant in greywater. 
Surfactant concentrations around the world are basically below 100mg/L. In bath and 
shower greywater in France, the surfactant concentration is 6.8mg/L. France (Chaillou et 
al.2011). In shower and washbasin greywater in Oman, the surfactant concentration is 
14.9~41.9mg/L (Prathapar et al. 2005). In laundry greywater, the surfactant concentration 
is 10.1mg/L in Slovenia(Sostar-Turk et al.2005), 0.01~25mg/L in Italy(Ciabattia et 
al.2009), and 118.3 in Oman(Prathapar et al.2005).The surfactant concentration of mixed 
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greywater in Holland is 43.5~54mg/L in Holland (Hernandez Leal et al.2010b,2011a, 
2007).  
2.1.5 pH 
Since greywater contains a lot of detergents, the pH tend to be over 7. The pH of bath, 
shower, and washbasin greywater is 6.4~8.1 in Australia (Christova-Boal et al. 1996), 7 in 
Taiwan(Lin et al.2005) ,7.27 in Korea (Kim et al. 2007), 7.58 in France(Chaillou et 
al.2011), 6.6~7.3 in the UK (Pidou et al. 2008;Winward et al. 2008b), 6.8~7.6 in 
Spain(March et al.2004; Gual et al. 2008), 7.5 in Israel (Ramona et al.2004; Friedler et 
al.2008, 2005; Friedler& Gilboa 2010), 7.6 in Morocco(Merz et al.2007;Scheumann et al. 
2007),and 7.1~7.4 in Oman(Prathapar et al. 2005).The pH of these greywater are about 7. 
For the high pollutant greywater, the pH is 9.3~10 in Australia(Christova-Boal et al.1996), 
7.3~8.1 in India(Mandal et al. 2011), 9.6 in Slovenia (Sostar-Turk et al.2005), 7~9 in 
Italy(Ciabattia et al.2009), 6.9~8.1 in Germany (Li et al.2003;Elmitwalli &Otterpohl 
2007),6.7 in Israel(Gross et al.2005),7.1~7.2 in Turkey (Atasoy et al. 2007;Scheumann et 
al. 2007;Masi et al.2010),6.35 in Jordan(Halalsheh et al.2008) and 8.3 in Oman(Prathapar 
et al.2005). 
The pH of greywater is basically over 7, and the high pollutant greywater is more likely to 
have an extreme pH.  
2.1.6 TN and TP 
Total nitrogen (TN) and total phosphorus (TP) are often regulated to avoid eutrophication, 
and they are often considered problematic to wastewater treatment plants. However, it 
seems that it is not a problem for greywater treatment. Generally speaking, the optimal 
COD: N:P of domestic wastewater ratio for biological treatment is 100:5:1. TN and TP in 
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greywater are basically not enough to satisfy the optimal ratio. 
Bath greywater in Australia contains 4.6~20mg/L total Kjeldahl nitrogen (TKN) and 
0.11~1.8mg/L TP (Christova-Boal et al. 1996). Bath and shower greywater in France 
contains 9.5mg/L TN and 0.42mg/L TP (Chaillou et al.2011); in Germany 5~10mg/L TN 
and 0.2~0.6mg/L TP (Nolde 2000); and in Morocco 11.9~15.2mg/L TKN, 6.6~11.8mg/L 
ammonia, and 0.98~1.6mg/L TP (Merz et al. 2007; Scheumann et al. 2007).  For bath, 
shower and washbasin greywater, in Spain TN is 4.1~11.4mg/L (March et al.2004; Gual et 
al.2008); in the UK TN is 7.6~16.4mg/L and phosphate is 0.5~1.3mg/L (Pidou et al. 2008; 
Winward et al. 2008b); in Isearl nitrate is 0.67mg/L, ammonia is 2.7mg/L and phosphate 
is 0.09mg/L (Ramona et al. 2004; Friedler et al. 2008, 2005; Friedler & Gilboa 2010). 
Laundry greywater in Australia contains 0.1~0.31mg/L nitrate, 0.1~1.9mg/L ammonia, 
1~40mg/L TKN and 0.062~ 42mg/L TP (Christova-Boal et al. 1996); in Slovenia contains 
2.75mg/L TN and 9.9 mg/L TP (Sostar-Turk et al.2005); in Oman contains 25.8mg/L nitrate 
(Prathapar et al. 2005). Kitchen greywater in Japan contains 21mg/L TN and 4 mg/L TP 
(Itayama et al.2006). Mixed greywater in India contains 42.8~57.7mg/L TN and 1.52~3.36 
mg/L phosphate(Mandal et al. 2011); in Nepal contains 13.3mg/L ammonia and 3.1 mg/L 
phosphate (Morel & Diener2006); in Costa Rica contains 16 mg/L phosphate (Dallas et 
al.2004); in Brazil contains 8.8mg/L TN and 5.6 mg/L phosphate(Paulo et al.2009); in 
Holland contains 26.3~35.2mg/L TN and 6.2~7.8 mg/L TP (Hernandez Leal et 
al.2010b,2011a,2007); in Germany contains 9.7~16.6mg/L TN and 5.2~9.6 mg/L TP (Li et 
al.2003;Elmitwalli & Otterpohl 2007); in Sweden contains 13.6mg/L TN and 5.2 mg/L TP 
(WHO,2006); in Israel contains 14mg/L TN and 17.7 mg/L TP (Gross et al.2005); in 
Turkey contains 0.13~1.3mg/L nitrate, 0.1~1.9mg/L ammonia, 1~40mg/L TKN and 0.062~ 
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42mg/L TP (Atasoy et al. 2007; Scheumann et al. 2007; Masi et al.2010); in Jordan 
contains 75mg/L ammonia, 128mg/L TKN and 19.5mg/L TP (Halalsheh et al. 2008). 
TN and TP in low pollutant greywater are not sufficient for the optimal biodegradation. 
However, TN and TP are abundant in laundry and kitchen greywater. Thus, TN and TP 
may be a problem for high pollutant greywater treatment.   
2.2 Regulations 
Till August 2014, treated greywater is still strictly limited to be used for toilet flushing and 
cooling tower make up. Using treated greywater for irrigation, floor washing/pressure 
washing is still not allowed for public health concerns. (PUB, 2014). The criteria for 
recycled greywater for toilet flushing are listed below. (http://www.pub.gov.sg/ 
conserve/CommercialOperatorsAndOther/Documents/greywaterRequirements.pdf)  
Table 1 PUB guidelines for treated greywater quality- for recycling of greywater for toilet 
flushing  
Parameters criteria 
Odour Non offensive 
Color <15 (in hazen units) 
pH 6-9 
Turbidity <2 NTU 
Total Residual Chlorine: 0.5 mg/ l to 2 mg/l 
BOD5 <5 mg/l 
Total coliform <10 CFU / 100ml 
E.coli Non detectable / 100 ml 
Total Legionella count Not applicable 
Standard Plate Count / Heterotrophic Plate count Not applicable 
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The criteria for recycled greywater for cooling tower make up are almost the same as the 
ones above except for two points. For cooling tower make up water, the methods for total 
Legionella count detection are listed: ISO 11731, BS6068-4.12, or equivalent method that 
is able to test total Legionella count at or below 1000 CFU/L. The total Legionella count 
is not allowed to be detected, and Standard Plate Count / Heterotrophic Plate count shall 
be below 500 CFU/ml. 
According to the newly released “Technical Guide for Greywater Recycling System” from 
PUB, typically, a greywater treatment system should include biological & filtration steps 
and disinfection processes. (PUB 2014). Bioretention systems can provide biodegradation  
and filtration functions, and since 0.5 mg/l to 2 mg/l residue chlorine is required, a chlorine 
disinfection should be designed after bioretention systems.  
The Technical Guide also requires some details. Greywater reuse systems shall be able to 
prevent mosquitos following similar guidance for rainwater collection systems. Untreated 
greywater contains nutrients for microbial, thus for public health reasons, untreated 
greywater should not be store for over 24 hours, and treated effluents not over 72 hours. 
Besides the warning labels, the treated greywater for toilet flushing will be injected with 
food grade blue dye to remind the users. (PUB, 2014) 
These criteria are relatively strict compared to the ones from other parts of the world. 
According to EPA, for urban uses, crops eaten raw and recreational impoundments, 
turbidity should be below 2NTU, the same as that in Singapore; BOD5 <10mg/L, while 
<5mg/L in Singapore; pH 6~9, the same as that in Singapore. For restricted access area 
irrigation, processed food crops, nonfood crops, aesthetic impoundments, construction uses, 
industrial cooling, and environmental reuse, BOD5 can be as high as <30mg/L. Moreover, 
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greywater is much more widely used in USA than in Singapore (USEPA, 2004). Some 
states in USA have their own regulation about greywater reuse. In Alabama, secondary 
effluent can be used for drip irrigation. In California, primary water can even be used for 
subsurface irrigation. For non-potable use, the turbidity can be 2NTU on average and 
<5NTU, while <2NTU in Singapore. In Wisconsin, for toilet flushing the BOD5 could be 
as high as 200mg/L. For the disinfected tertiary effluent with a BOD5 <10mg/L, it can be 
used for Surface irrigation except food crops, vehicle washing, clothes washing, air 
conditioning, soil compaction, dust control, washing aggregate, and making concrete(Yu 
et al,. 2013), most of which are not allowed in Singapore. 
The WHO Standards are also quite loose. For restrict irrigation, total coliform should be 
<105 CFU / 100ml and restrict irrigation <1000 CFU / 100ml, while <10 CFU / 100ml in 
Singapore.(WHO 2001). In the UK , reused greywater with total coliform 
<500(guideline)or 10000(mandatory) CFU / 100ml and fecal coliform <100(guideline)or 
2000(mandatory)  CFU / 100ml can be used for bathing, while in Singapore such water 
cannot be used for toilet flushing (Parker and Frost ,2000) .In Japan, water with total 
coliform <1000 CFU / 100ml, ( Ogoshi et al. ,2001) 100 times more than that in Singapore, 
can already be used for toilet flushing. 
Some developing countries also have their own regulations on greywater reuse. In China, 
Escherichia coli count should be below 0.3 CFU / 100ml, which should be not detected in 
Singapore. For toilet flushing, turbidity shall be <5NTU, BOD5 <10mg/L; for cleaning cars, 
turbidity shall be <10NTU, BOD5 <15mg/L; for lawn irrigation, turbidity shall be <10NTU, 
BOD5 <20mg/L(China,2002).In Jordan，reused greywater for recharge aquifer should be 
turbidity <2NTU, BOD5 <15mg/L; for irrigation of vegetables (to be cooked before 
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consumption), parks, playgrounds, and roadsides or roads within city limits, the water 
quality shall be turbidity <10NTU, BOD5 <305mg/L.(Jordan,2002). 
The criteria for greywater reuse in Singapore are very strict compared to most of the world. 
Following such guidelines will cause minimal hazard to public health. Recycled greywater 
may be allowed for more usages, and approaching a better balance between water saving 
and public health.   
2.3 Technologies and performance 
Greywater is a main component of domestic waste water, and technologies for domestic 
treatment can probably be used for greywater treatment. Almost all the water treatment 
technologies have been applied for domestic water treatment and the publications on this 
topic is numerous. With unlimited capital and energy, greywater can be treated to fulfill 
any regulations. However, the optimal technology for greywater treatment should be 
simple to operate and maintenance, and not capital and energy intensive. After all, 
greywater is merely ordinary wastewater produced for daily life and basically for usual 
applications. 
2.3.1 Chemical treatments 
Chemical treatments have been involved in water treatment practices. For example, 
coagulation and flocculation have been typical procedures for drinking water supply for 
decades. And some other methods, like advanced oxidation processes (AOPs), are hot 
topics in this research area. 
Almost all the chemical treatment processes have been used for greywater treatment 
namely: coagulation (Sostar-Turk et al. 2005), electrocoagulation (Lin et al. 2005), 
adsorption using granular activated carbon (GAC) (Sostar-Turk et al. 2005;) and natural 
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zeolites (Widiastuti et al. 2008), magnetic ion exchange resin (MIEX®) (Pidou et al. 2008), 
powdered activated carbon (PAC) (Gulyas et al. 2007)) and advanced oxidation processes 
(AOPs) such as ozonation (Hernandez Leal et al. 2011b), photocatalysis (Li et al. 2003) 
and ultraviolet C (UVC)/H2O2(Chin et al. 2009).  
Chemical treatments are basically not very suitable for greywater treatment, at least as the 
main procedure. Coagulation and electrocoagulation need additional chemicals and power. 
Using GAC, magnetic ion exchange resin or PAC alone for greywater reuse will be very 
expensive; Natural zeolites are negatively charged, which makes it difficult to deal with 
anionic surfactants, the major chemical pollutant in greywater (Widiastuti et al. 2008). 
AOPs are often served as polishing procedures; it will be quite energy intensive to use 
AOPs as the main procedure in greywater treatment.  
2.3.2 Physical treatments 
Physical treatments here include sedimentation and filtering. As is known to all, traditional 
sedimentation has been a part of traditional water treatment processes for municipal 
wastewater. However, sedimentation alone generally will not be enough to produce effluent 
that satisfies the strict regulations in Singapore. Effluents from traditional filtration only 
are almost impossible to reach the criteria, if the filtration systems only provide physical 
treatments. The filters that involve biodegradation like biological aerated filter (BAF) will 
be discussed in the biological treatment part. 
Singapore is quite familiar with membrane filtration, which is also recommended as part 
of greywater treatment processes in the newly released technical gridlines (PUB 2014).  
According to Li et al. (2008), directly using ultrafiltration (UF) membrane filtration system 
was able to reduce TOC from 161 mg/l to 28.6 mg/L. The TN and TP in the effluent were 
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16.7 mg/L and 6.7 mg/L respectively. The permeate was low in turbidity (below 1 NTU) 
and free of suspended solids and E. coli. Direct nano-filtration(NF) was able to remove 93% 
of the organics in a low strength greywater.( Ramona et al. 2004). Reverse osmosis (RO) 
membrane following UF membrane can reduce the BOD5 from 86mg/L to 2mg/L. (Sostar-
Turk et al. 2005) 
However, the high energy consumption and the membrane fouling may reduce the 
economic viability of membrane systems for greywater treatment. (Li et al. 2009) 
2.3.3 Biological treatments 
Biological treatment and filtration followed by disinfection are the recommended processes 
for greywater reuse. Generally speaking, biological treatments are cost effective for 
removing organic pollutants from wastewater. 
As is known to all, upflow anaerobic sludge blanket (UASB) is effective when treating 
biodegradable and highly organic polluted wastewater. However, except for the greywater 
in Jordan with a BOD5 of 1056 mg/L (Halalsheh et al.2008), the organic pollutant in 
greywater is usually not concentrated enough. The removal efficiency of COD was only 
40% at an HRT of 12–24 h with a UASB compared to 90% using anaerobic fed batch 
reactor of similar volumetric size (3.6 L), and the energy gain from UASB is 
limited.(Hernandez Leal et al. 2007). What’s worse, the presence of a high concentration 
of surfactants, the main organic pollutant in greywater, can “heavily impair the production 
of methane during anaerobic treatment” (Hernandez Leal et al. 2010b, 2011a). Thus, 
UASB is not a feasible option for greywater reuse. 
A sequencing batch reactor (SBR) was fed with a high strength greywater. The COD, TP, 
TN and ammonia in the influent were 830 mg/l, 7.7 mg/l, 53.6 mg/l and 1.2 mg/l to 91 
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mg/l, 6.5 mg/l, 34.4 mg/l and 0.41 mg/l in the effluent respectively (Hernandez et al., 2008). 
The removal efficiency is good but may not be able to meet some strict standard. SBR is 
rather complicated to operate and maintenance, compared to bioretention systems.  
Membrane bioreactors (MBR) have been used for low strength bath greywater treatment. 
COD was reduced from 130–322 to 18 mg/L and NH4–N from 0.6–1.0 mg/L to less than 
0.5 mg/L, BOD5 from 99–221 mg/L to less than 5 mg/L, Anionic surfactants (AS) from 
3.5–8.9 mg/L to less than 0.5 mg/L, The effluent was “colorless and odorless and free of 
SS” and faecal coliform were not detected (Liu et al.2005).However, MBR is also a 
complex system compared to bioretention. The costs of MBRs with Submerged Aerated 
Filter (SAF), Rotating Biological Contactors (RBCs), SBR, Trickling Filter (TF), and 
Biological Aerated Filter (BAF) systems were compared by Fletcher and Judd (2007).The 
MBRs “require four times the energy of the conventional systems.” Thus, MBR may not 
be economically feasible for greywater treatment.  
Gross et al. (2007) applied a recycled vertical flow constructed wetland for a high strength 
mixed greywater treatment. The TSS was reduced from 158 mg/L to 3 mg/L, BOD5 from 
466 mg/L to 0.7 mg/L, COD from 839 mg/L to 157 mg/L, TN from 34.3 mg/L to 10.8 
mg/L, TP from 22.8 mg/L to 6.6 mg/L, anionic surfactants from 7.9 mg/L to 0.6 mg/L, and 
faecal coliform from 5×107/100 ml to 2×105/100 ml. The constructed wetland “has been 
considered as the most environmentally friendly and costs effective technology for 
greywater treatment” (Li et al,. 2009). Constructed wetland is very similar to bioretention 
systems and their mechanism for wastewater treatment are almost the same.  
Bakacs et al., (2013) used bioretention systems for car wash runoff, which also contains a 
lot of surfactants. The TSS reductions ranged from 84 to 95% and surfactant from 89 to 
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96%. The bioretention media was 82% sand and 18% humus/manure mixed by volume. 
The performance on car wash runoff could be similar to that of greywater.  
Drawer compacted sand filter is a new design of sand filter. The sand is divided into six 
layers in movable drawers, 10cm high each and 10 cm space in between. The TSS was 
reduced from 104±37 mg/L to 2.5±2.0 mg/L, BOD5 from 160±49 mg/L to 1.8±1.4 mg/L, 
COD from 304±66 mg/L to 7±2, and E. coli from 4.3×106/100 ml to 2.12×103/100 ml. 
Such sand filtration followed by disinfection could meet the strictest regulations. This 
design can be applied to bioretention systems and boost their performance. 
To sum up, almost all the water treatment can be applied for greywater treatment. However, 
chemical and physical treatments are either fail to meet the regulations or not economically 
feasible. Most of the biological treatments are relatively cost effective, but the operation 
fees are relatively high compared to bioretention systems. Since the technology guidelines 
from PUB (PUB 2014) required residual chlorine, chlorine disinfection will be necessary. 
Bioretention systems followed by chlorine disinfection will probably meet the PUB 




Chapter 3 Batch test for material selection and 
optimization 
3.1 Introduction 
One of the objectives of this research is to find an engineered soil as filter media that is 
cost-effective and easily available in Singapore. Batch test is relatively less time-
consuming, so it can be used to select the materials that are suitable for column experiment. 
It can also be used to understand the removing mechanism of pollutants and the 
contribution of the ingredients of the filter media. 
Since surfactant is one of the main organic pollutants in greywater, Sodium lauryl sulfate 
(SDS) solution is used for the batch test. The duration of the experiment is 48 hours so that 
the adsorption equilibrium is reached. The removal of TOC and SDS are basically due to 
adsorption, but biodegradation may happen slightly, and some material that served as 
carbon source may elevate the TOC in the flask. 
3.2 Materials and method 
3.2.1 Real greywater samples and artificial grey water 
The collected samples are shower greywater sample and laundry greywater sample from 
the sump of NUS dormitory since these two are the main composition of greywater. Since 
the samples were collected right after the shower and the laundry and the volume of the 
sump is limited, the concentration of pollutant may be smaller than the original greywater 
because the rinsing water is more likely to be collected. 
From the publications cited in chapter 2, laundry greywater is much more polluted than 
shower greywater and washbasin greywater. As far as the author is concerned, there is no 
publication about quality of shower greywater and washbasin greywater in Singapore, or 
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the average amount of hand sanitizer or shampoo used in each hand wash and shower. For 
laundry greywater, the organic pollutants are mainly from washing powder or washing 
liquid, since sweat or body fat that washed off the dirty clothes are generated from human 
body and can be easily biodegraded. What’ s more, the amount of washing powder or 
washing liquid is often following the instruction of product ladle, making the quality of 
laundry greywater relatively stable. Since we cannot get a large amount of real greywater 
for experiment, we use artificial greywater instead. The artificial greywater is washing 
liquid diluted by 1000 times according to the instruction from the label (1 cap-about 40 ml 
for 40L water in washing machine). The TOC of such water is about 80mg/L, and anionic 
surfactants as linear alkylbenzene surfactant (LAS) is about 100ppm, which is suitable for 
investigation about organic pollutant removal of greywater. 
Since the two samples were collected after shower and laundry finished, the concentration 
of the pollutant may be lower than it should be. The TOC of shower greywater sample is 
30.5 mg/L and laundry greywater 26.64mg/L. Anionic surfactants of shower greywater 
sample are 0.2ppm LAS and laundry greywater 17.5ppm LAS. The shower greywater 
contains 5.79mg/L TN while the TN in laundry greywater is zero. The pH of shower 
greywater is 9.66 while the laundry greywater 7.12. The TP of shower greywater is 
1.13mg/L, and the laundry greywater 0.20mg/L. The laundry water is relatively clean; the 
reason could be the large amount of rinsing water. 
According to the data in chapter 2, the ratio of BOD5/TOC is roughly 1.2~2 in domestic 
wastewater, so the BOD5 of the samples could be as high as 61mg/L.  A TOC of 100mg/L 
may be reasonable for greywater without kitchen wastewaters. To dilute the washing liquid 
as the label (1000X) means anionic surfactants about 100ppm LAS, which will be higher 
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than most samples around the world. If such anionic surfactants can be removed well, the 
treatment will be promising. 
3.2.2 Batch test 
The batch test was processed in the following way: 100ml of SDS solution (20ppm, 40ppm, 
60ppm, 80ppm, 100ppm) was put in a 250ml glass flask. 1 gram of filter material was 
added into the flask. The flask was placed on a 160rpm shaker, and the experiment ended 
48hour after that. 
The SDS solutions before and after the experiment were collected. The solution was 
filtered through 0.45μm membrane (PAIL life science GN-6 grid 0.45μm, 47mm in 
diameter). The TOC and SDS concentrations were measured. 
3.2.3 Detection methods 
The pH meter for this research is SCHOTT Instruments Lab850. TOC was measured by 
TOC-L SHIMADZU total organic carbon analyzer and TN by TNM-L SHIMADZU total 
nitrogen measuring unit. TP was measured by HACH Method 8190 USEPA Phosver® 3 
with acid persulfate digestion method. Anionic surfactants were measured by methylene 
blue active substances (MBAS) method using HANNA Instruments Detergent CTK. 
SDS was measured with the method in Adak et al., (2005). Briefly, the SDS solution was 
diluted to about 1.1~6.0ppm. 10 ml of diluted solution was added into a capped glass test 
tube. And then 0.1ml of glacial acetic acid and 0.1ml of acridine orange was added into the 
test tube. The solution was well mixed, and then 5ml of toluene was added into the test 
tube. The test tube was put on a vortex for 30s. A few minutes after, the organic layer 
separated. The absorbance was measured at 467 nm. The SDS concentration can be 
calculated using the calibration curve. 
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SDS solution was purchased from 1st BASE (BioTech grade). Glacial acetic acid (AR) was 
from SCHEDELCO and Toluene (AR) from QRëC. Acridine orange was from Sigma 
Aldrich . 
3.3 Results and discussion 
3.3.1 Major components: sand, silt, top soil and WTR 
As is previously mentioned above, Singapore is in sand scarcity (The Economist, 2009). If 
properly designed, a sand filter can reduce BOD5 in artificial greywater from 160±49 mg/L 
to 1.8±1.4 mg/L, COD from 304±66 mg/L to 7±2 mg/L in the best scenario. (Assayed et 
al,. 2014). Sand is also a main component of bioretention system. Bakacs et al.,(2013) used 
bioretention systems for carwash runoff, which also contains a lot of surfactants. The TSS 
reductions ranged from 84 to 95% and surfactant from 89 to 96%. The bioretention media 
was 82% sand and 18% humus/manure mixed by volume. Even though, sand can be 
replaced by materials that has similar or better performance but more easily to obtain in 
Singapore. 
Table 2 batch result of sand 








conc.ppm Removal % 
18.14 17.96 0.96 9.70 9.72 -0.22 
35.63 33.91 4.82 18.69 20.09 -7.47 
52.65 56.05 -6.45 24.66 22.44 9.00 
72.92 73.95 -1.42 34.48 32.84 4.76 
 
From the batch experiment result, the removal efficiency of sand is poor. Khan et al (2006) 
found that the SDS adsorption capacity of sand is merely about 0.5mg/g.   
In the following experiment, the amount of sand will be reduced. And a 100% sand column 
will be set up as a control and to evaluate the biodegradation of microorganism. 
 26 
 
In bioretention systems, silt is used to keep the material in moist conditions so that 
denitrification can take place. (Guo et al. 2013a) Since the diameter of silt is small, the 
hydraulic conductivity will be decreased, and the flux through the media will reduce. It is 
useful in rainwater management. 
Table 3 batch result of silt 








conc.ppm Removal % 
18.07 15.42 14.66 9.11 8.81 3.23 
33.12 30.10 9.11 19.27 17.29 10.27 
54.95 48.29 12.12 24.24 20.64 14.85 
70.69 58.65 17.03 34.02 29.00 14.76 
 
The SDS removal efficiency of silt is better than that of sand. The about 10% removal is 
probably due to adsorption. 
The percentage of silt could be reduced, which will lead to less hydraulic retention time, if 
the removal efficiency is not affected. 
Top soil here means the soil excavated from the location of bioretention system if the soil 
fulfils the requirements. The top soil used here is from a pilot scale bioretention system 
near NUS. 
Table 4 batch result of top soil 








conc.ppm Removal % 
16.44 8.39 48.98 9.07 5.15 43.17 
33.34 16.51 50.47 18.66 10.56 43.41 
53.26 31.95 40.00 25.10 14.96 40.40 
77.73 60.58 22.06 34.72 24.94 28.17 
 
Top soil removed about 40% of SDS, much better than sand and silt. When the initial 
concentration is around 80ppm, the removal efficiency is only about 20%. A possible 
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explanation may be absorption saturation.  
Increase the percentage of top soil in bioretention system in Singapore, at least around NUS, 
could be a good choice. The surfactants adsorption of top soil is stronger, and no 
transportation fee is required compared to sand. 
Wastewater treatment residue (WTR) is the sludge from waste water treatment plant dried 
under the sun and crashed into small particles. This material is locally available, and it is 
good to recycle the solid wastes. 
Table 5 batch result of wastewater treatment residue 











18.01 5.47 69.63 9.33 4.35 53.40 
34.88 12.40 64.44 18.76 8.98 52.16 
55.36 17.86 67.74 24.40 9.29 61.93 
73.46 12.75 82.64 34.52 10.24 70.35 
 
WTR is very effective in SDS removing, basically by adsorption, but some degree of 
biodegradation is also possible since the TOC removal is smaller than SDS removal for all 
four concentrations. WTR has been proven that will not release heavy metal to the effluent. 
(Guo et al. 2013a) WTR will be a good choice of filter material for bioretention systems. 
In summary, sand and silt cannot effectively remove SDS at least by absorption, while top 
soil and WTR have much better performance. A certain percentage of WTR and top soil 
will generate a better removal of SDS, and reduce the transportation and construction fee. 
However, to keep the hydraulic conductivity in the desirable range and to support the plant 





3.3.2 Biomass materials: compost, coconut fiber, rice husk and its ash 
Compost can be carbon source and nitrogen source in bioretention system (Guo et al. 
2013a). This material is also locally available. 
Table 6 batch result of compost 








conc.ppm Removal % 
55.90 35.15 37.11 24.38 123.28 -405.66 
64.19 21.20 66.97 29.96 229.40 -665.69 
 
Compost can reduce the surfactants in the greywater. However, a lot of TOC dissolved into 
the solution. The TN of the solutions is also raised from 0 to 14.12ppm and 26.22ppm, 
respectively. So compose should only be used when surfactant removal is bad while TOC 
or BOD5 is good. If surfactant and TOC or BOD5 is well treated and the microorganism 
grows well, compost should not be used. 
Coconut fiber is also used as carbon source in bioretention systems (Guo et al. 2013a). This 
material is locally available especially in the tropical area. Coconut fiber is often used for 
activated carbon production, so it could be a good adsorbent.  
Table 7 batch result of coconut fiber 











33.32 34.57 -3.78 17.97 76.82 -327.49 
51.87 49.28 5.00 24.36 68.22 -180.05 
74.16 69.64 6.10 34.56 74.15 -114.55 
 
There is almost no removal of SDS in coconut fiber batch test. However, The TOC released 
from coconut fiber is much less than that of compost. The TN values in the solutions that 
are from coconut fiber is 2.720ppm, 4.892ppm and 3.193ppm respectively. Such TN should 
be enough to support the microorganism and less likely to lead to pollution. 
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Rice husk is also a locally available material. It is a low-cost absorbent and often used for 
activated carbon production. It is useful for cationic pollutants like some dyes (Ali et al. 
2012). However, the most problematic surfactant is anionic surfactant, so the result may 
not be good. 
Table 8 batch result of rice husk 








conc.ppm Removal % 
17.63 15.96 9.46 8.54 8.62 -0.88 
35.56 31.30 11.97 19.23 18.45 4.04 
52.71 53.98 -2.42 24.44 23.38 4.34 
74.71 74.82 -0.15 34.36 33.10 3.67 
78.39 61.77 21.20 47.84 43.67 8.72 
 
The performance of rice husk is not so good, probably because it is negatively charged. 
This material may not be suitable for column test. 
Rice husk ash is produced from rice husk. It is also a low cost absorbent and similar to 
activated carbon. It is useful for cationic pollutants like some dyes too (Ali et al. 2012). 
However, the same problem that SDS is negatively charged still exists.  
Table 9 batch result of rice ash 








conc.ppm Removal % 
16.76 13.90 17.06 8.87 8.08 8.87 
36.15 30.57 15.42 19.62 17.70 9.77 
52.38 49.91 4.73 23.92 21.26 11.12 
73.26 71.15 2.88 34.72 32.20 7.26 
82.55 84.56 -2.44 47.64 46.81 1.74 
 
The performance of rice husk ash is not good either, probably because it is also negatively 
charged. This material may not be suitable for column test too. 
As is mentioned above, compost and coconut fiber are carbon source. Since compost will 
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leach nitrogen, if nitrogen is sufficient influent, coconut fiber will be a better choice. Rice 
husk and rice husk ash are locally available, but since they are negatively charged, they can 
hardly remove SDS by adsorption.    
3.3.3 Granule activated carbon (GAC) 
As is known to all, GAC is a powerful adsorbent and widely used. GAC adsorption is often 
regarded as a promising treatment.  
Table 10 batch result of granule activated carbon 











16.54 0.59 96.44 8.63 0.12 98.59 
33.68 0.23 99.32 21.60 0.58 97.31 
52.81 0.25 99.52 24.20 0.32 98.69 
70.83 0.27 99.62 35.16 0.40 98.86 
75.22 4.33 94.24 46.56 2.09 95.52 
 
The SDS in the solution is almost completely removed. GAC is a promising treatment for 
surfactants. However, GAC is expensive, so it will be not be a main component of the filter 
material, and it will be used for polishing.   
3.3.4 Inorganic materials 
Since anionic surfactants are problematic, some materials with a positively charged surface 
were tested. Freshly made Fe(OH)3 is used for artificial greywater adsorption. 65% of TOC 
is removed. Unfortunately, Fe(OH)3 is not commercially available, so we tried Fe2O3 







Table 11 batch result of Fe2O3 








conc.ppm Removal % 
16.87 17.36 -2.93 8.95 9.71 -8.49 
35.60 32.37 9.07 19.22 19.76 -2.81 
54.53 54.69 -0.30 25.20 23.26 7.70 
75.36 71.66 4.90 34.64 33.58 3.06 
71.88 83.04 -15.53 43.68 40.57 7.12 
 
Fe2O3 did not remove SDS well. Hoping that it will create a more aerobic environment in 
the engineered soil, we combined it with C2 in column test. 
The fly ash used for batch test is circulating fluidized bed (CFB) coal combustion fly ash 
from EnGro Corporation Ltd.. The tested fly ash consists of 40.8% silicon dioxide, 23.9% 
calcium oxide, 11.5% aluminum oxide, and 9.9% iron oxide. 
Table 12 batch result of fly ash 








conc.ppm Removal % 
18.35 16.08 12.36 9.32 8.38 10.04 
35.57 19.96 43.89 18.44 10.32 44.03 
53.08 32.12 39.48 23.48 13.61 42.05 
72.02 44.68 37.96 35.40 17.04 51.86 
 
The removal efficiency is stable around 40% except for the data at about 20ppm. However, 
since fly ash may contain heavy metal and highly toxic organic chemicals like dioxins or 
polycyclic aromatic hydrocarbons. Fly ash is not used in column test unless it is proven 
safe. 
3.3.5 Engineered soils for stormwater runoff   
Column 1 material (C1) is an engineered soil for bioretention system that contains sand, 
silt, topsoil, WTR and compost. The hydraulic conductivity is 407mm/h, and organic 
content is 10.8±0.2%. C1 is effective in TSS and TP removal in stormwater, but TN 
 32 
 
removal is negative probably due to the compost. 
Table 13 batch result of column 1 material 








conc.ppm Removal % 
17.84 7.36 58.73 8.06 4.62 42.66 
34.53 31.35 9.21 19.67 20.01 -1.75 
53.64 46.51 13.28 24.48 22.92 6.37 
73.24 68.61 6.31 35.44 32.18 9.20 
75.29 87.01 -15.56 46.04 34.61 24.83 
 
C1 does not remove SDS well except for the low concentration around 20ppm.However, 
since the batch test duration is only two days, and the removal mechanism is mainly 
adsorption, the performance of C1 in column test may be better when biodegradation 
involved.   
Column 2 material (C2) is another engineered soil for bioretention system that contains 
sand, silt, topsoil, WTR and coconut fiber. The hydraulic conductivity is 132mm/h, and 
organic content is 12.5±0.2%. C2 is effective in TSS, TN and TP removal in stormwater 
runoff. C2 is regarded as a better choice when TN removal is needed. 
Table 14 batch result of column 1 material 











16.62 10.24 38.40 8.75 5.36 38.76 
34.81 20.33 41.60 18.51 12.46 32.69 
53.99 37.44 30.65 24.96 16.67 33.23 
72.62 55.31 23.85 34.40 23.28 32.33 
79.28 46.46 41.40 47.54 30.61 35.61 
 
C2 remove SDS well at around 30% for the concentrations from about 20 to 80 ppm. 





There were 13 materials tested in the batch test. For the major components, sand showed 
almost no adsorption and can serve as control in column test. Silt had a little removal. Top 
soil had a good performance in the test, so did WTR. Using some top soil and WTR to 
replace a part of sand and silt will lead to a better SDS removal and more cost effective. 
For the biomass materials, compost released too much TOC and TN while coconut fiber 
released less. Rice husk and rice husk ash did not do well. Between the engineered soils 
designed for stormwater runoff treatment, C2 is better than C1 in this test. GAC is 
promising, but maybe too expensive. Between the tested inorganic materials, Fe2O3 was 










Chapter 4 Column test to evaluate the performance of the 
materials in the bioretention systems 
4.1 Introduction 
Column test has long been used in searches involving soil or groundwater. It is also suitable 
to evaluate the performance of filter materials for bioretention systems. To evaluate the 
potential of bioretention system to remove the organic pollutant in greywater, GC/MS was 
used to screen the organic components of the feed water and get the molecular weight and 
structure of these chemicals.   
4.2 Materials and method 
The column test was processed in the following way: 300ml of artificial greywater was 
added to the upper end of the column every 48h for one month. The influent and effluent 
was collected for TOC and anionic surfactants detection. The amount of artificial greywater 
was similar to that was used in storm water bioretention system experiments. 
The columns are clear acrylic columns that are 300 mm in height and 34 mm in internal 
diameter. They were filled with glass wool and 0.5 cm gravel mimic the drainage and 
transition layer and to reduce blocking, and then engineered soil as filter media (the bed 
volume (BV) being 182 ml in accordance with Guo et al. (2013b). 
There are eight columns in this test. Some material is not included in this test due to their 
bad performance in the batch test. 
The general analysis of organic components in artificial greywater and artificial fragrances 
detection were done by gas chromatography–mass spectrometry (GC-MS). The 
instruments are SHIMADZU GC-2010 gas chromatograph combined with SHIMADZU 
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GCMS-QP2010 gas chromatograph mass spectrometry. The pretreatment was filtration 
using 0.45μm membrane (PAIL life science GN-6 grid 0.45μm, 47mm in diameter) and 
then SPE (Agilent C18 500mg 3ml). The SPE cartridge was conditioned with 5ml methanol 
(SIGMA-ALDRICH, for HPLC) +5ml ultrapure water, and after 500ml of artificial 
greywater passed through, the cartridge was washed with 5ml ultrapure water and then 
dried for at least 30min. The organic components were eluted with 10ml menthol, dried 
under gentle nitrogen gas and diluted in 1 ml methanol for GC/MS detection. 
4.3 Results and discussion 
4.3.1 Column test results and a brief discussion 
Table 15 column test result 
 Anionic surfactants TOC  
 Conc.ppm Removal % Conc.ppm Removal % 
feed 107  79.28  
sand 7.84 89.41 21.11 73.37 
c2 1.18 98.41 4.363 94.50 
c2+5%GAC 0.50 99.33 2.162 97.27 
c2+10%GAC 0.45 99.39 2.231 97.19 
c2+20%GAC 0.50 99.33 2.914 96.32 
sand+5%GAC 2.15 97.09 10.78 86.40 
c2+5%Fe2O3 0.92 98.75 3.995 94.96 
sand+20%GAC 0.45 99.39 3.744 95.28 
 
All the columns can remove over 90% of anionic surfactants, even the 100% sand column 
can remove 89.41% of anionic surfactants. The TOC removal is also good. C2 material 
based columns can remove over 94% of TOC, and the sand column can remove 73.37%. 
C2 material reduces 98.41% of anionic surfactants and 94.50% of TOC. However, 
4.363mg/L of TOC could be equal to over 5mg/L BOD5, which may not meet PUB criteria. 
5% of GAC mixed in the material will further reduce TOC to around 2mg/L. Since PUB 
requires chlorine disinfection, this step may oxidize part of the remaining organic 
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compounds and reduce the BOD5 to below 5mg/L. 5% of GAC for polishing is worthy, and 
GAC more than 5% did not show any better performance in a month. 
C2 also have a certain degree of TP removal ability. C2+5%GAC, the best column in the 
test, reduce TP from 0.47 to 0.03 mg/L. Though TP is not regulated by PUB. 
As is mentioned in chapter 3, Sand almost does not absorb SDS. But the first column that 
is completely sand reduces 89.41% of anionic surfactants. The most probable reason should 
be biodegradation by the microorganism. 
Hernandez et al. (2011a) found that anionic surfactants are persistent under anaerobic 
conditions. Only 35% of anionic surfactants are degraded under anaerobic conditions while 
71% of cationic and 80% of nonionic surfactants are removed.  
Bakacs et al.,(2013) used bioretention systems for carwash runoff, which also contains a 
lot of surfactants. The bioretention media was 82% sand and 18% humus/manure mixed 
by volume. The surfactant reductions ranged from 89 to 96%. Bakacs et al.,(2013) found 
that aerobic activity is the primary mechanism for surfactant removal and suggested that it 
is essential for the rain garden to have proper drainage. 
An aerobic condition is good for both anionic surfactants and TOC removal. Itayama et 
al.(2006) used slanted soil filter for greywater treatment. The wastewater kept moving 
inside the about 17.5 cm thick soil until it left the reactor. This reactor removed 83% of 
BOD5 and 85% of COD. Ushijima et al (2013) improved the design; the soil was reduced 
to 10cm thick, and the reactor was divided into several chambers, with about 10 cm of air 
between each chamber. The removal of BOD5 was elevated to 88~89%, and COD elevated 
to 94~97%. This improved slanted soil filter also removed over 90% of anionic surfactants. 
Assayed et al.(2014) applied similar ideas to sand filters. The wastewater would pass 
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through 6 layers of 10cm sand and five layers of 10cm air in between. This sand filter 
reduced BOD5 in artificial greywater from 160±49 mg/L to 1.8±1.4 mg/L, COD from 
304±66 mg/L to 7±2 mg/L in the best scenario. The removal efficiency of BOD5 is about 
99% and COD about 98%. 
The columns in this research are 30cm high. According to Assayed et al.(2014), 60~90cm 
of sand in one single bed will cause anaerobic conditions in the lower parts, which will 
lead to “unpleasant odors and poor performance ”. The 30 cm columns may have a 
relatively aerobic condition inside. And the columns are filled with 300ml artificial 
greywater every 48h, water will not always occupy the space in the columns, which also 
enhanced the aerobic conditions in the columns.  
4.3.2 Organic components in feed water 
As is shown above, C2 column can remove 94.50% of TOC, and if GAC is added, the 
performance will be better. To partly explain this removal, it is useful to investigate what 
kind of chemicals are there in the feed water. 
The organic pollutant in greywater, except the body fat, sweat, a trace amount of urine and 
feces that are easily biodegradable, are basically daily chemicals. The product that end up 
it greywater includes shampoo, hand wash and washing powder/liquid.  
The components of a handwash product and a shampoo are listed below: 
Hygienic liquid handwash (WAYCO, London) Purified water, Cocamidopropyl 
Betaine(C19H38N2O3), Sodium Laureth Sulfate(C12+2nH25+4nNaO4+nS), Cocamide 
DEA(CH3(CH2)nC(=O)N(CH2CH2OH)2), Propylene Glycol, Polysobate 20 (C58H114O26), 




Shampoo (PANTENE PRO-V nature care) Purified water, Cocamidopropyl Betaine, 
Sodium Laureth Sulfate, Sodium Xylenesulfonate (C8H9NaO3S), citric acid, Cassia 
Hydroxypropyltrimonium Chloride, Dimethiconol, Sodium Benzoate, EDTA, Panthenol, 
Panthenyl Ethyl Ether. Methychloroisothiazolinone, Methylisothiazolinone and some plant 
extract. 
Some components exist in both shampoo and handwash: Cocamidopropyl Betaine, Sodium 
Laureth Sulfate EDTA, Methychloroisothiazolinone, Methylisothiazolinone. These two 
products are quite similar. 
 
GC/MS was used to investigate the components of washing liquid.  
Figure 2 GC/MS result of artificial greywater 




Figure 3 GC/MS result of artificial greywater peak at 6.192 min 
This is the peak 6.192 min. According to the database, the chemical could be 
C10H20O, 95%similar. 
 




This is the peak 9.742 min. According to the database, the chemical could be 
C12H26O/C13H28O, 95%similar.  
 
Figure 5 GC/MS result of artificial greywater peak at 11.25min 
 This is the peak 11.25min min. According to the database, the chemical could be    
C19H38O2, 91%similar. 
 
Figure 6 GC/MS result of artificial greywater peak at 12.142min 





Figure 7 GC/MS result of artificial greywater peak at 12.358min 
This is the peak 12.358min min. According to the database, the chemical could be 
93%similar C20H42O2/ C18H38O2/ C16H34O. 
 
Figure 8 GC/MS result of artificial greywater peak at 12.725min 
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This is the peak 12.725min min. According to the database, the chemical could be 
C16H34O3, 95%similar 
 
Figure 9 GC/MS result of artificial greywater peak at 13.192min 
This is the peak 13.192min min. According to the database, the chemical could be 
C19H36O2, 94%similar. 
 
Figure 10 GC/MS result of artificial greywater peak at 13.358min 
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This is the peak 13.358min min. According to the database, the chemical could be 
C18H38O2, 96%similar.  
 
Figure 11 GC/MS result of artificial greywater peak at 13.717min 
 





Figure 12 GC/MS result of artificial greywater peak at 14.058min 
 
This is the peak 14.058min min. According to the database, the chemical could be 
C18H38O4, 94%similar.   
 
Figure 13 GC/MS result of artificial greywater peak at 14.767min 
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This is the peak 14.767min min. According to the database, the chemical could be 
C16H34O3 92%similar. 
As is shown above, the chemicals in most peaks have 16 ~ 20 carbon atoms and a hydroxyl 
at one end. These chemicals are quite hydrophilic though there are some oxygen atoms in 
the molecule. Cocamidopropyl Betaine(C19H38N2O3), Sodium Laureth 
Sulfate(C12+2nH25+4nNaO4+nS) have similar molecule weights. 
Hernandez et al (2010c) measured 18 xenobiotics in greywater in the Netherlands. Among 
these chemicals, artificial fragrances galaxolide (HHCB) and tonalide (AHTN) are 
endocrine disruptive (antiestrogenic), which is proven in vitro and in vivo. 
HHCB and AHTN in artificial greywater are detected with GC/MS-SIM mode. The result 
is shown below. 
Figure 14 HHCB and AHTN GC/MS-SIM result of artificial greywater 
The concentration of HHCB is 0.547μg/L, and AHTN 2.92μg/L. Tran et al (2014) detected 
HHCB and AHTN in 10 raw wastewater samples in Singapore. The concentrations of these 
two fragrances are μg/L level. Hernandez et al (2010c) measured HHCB 10.7μg/L and 
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AHTN 2.2μg/L in greywater in the Netherlands. 
Fortunately, the risk induced by these fragrances in greywater reuse is negligible compared 
to their daily use. In Singapore, direct contact with reused greywater is banned. What’s 
more, the concentration of HHCB and AHTN in shampoo, handwash, and washing liquid 
is much higher than that in reuse greywater, and shampoo and handwash directly contact 
with skin. Reused greywater used for toilet flushing or cooling will end up in sewage and 
will probably be treated before it enters the environment. Conventional activated sludge 
can remove around 90% of these two chemicals (Balka et al,.1999), so fragrances may not 
be a problem to greywater reuse. 
4.3.3 Potential to satisfy the PUB standard 
To sum up, C2 and 5% GAC is the best filter material in the column test. This material 
reduced the sand percentage to below 30% compared to over 80% in other parts of the 
world, and most of the other components are locally available. The performance of this 
column is also better than most of the reactors mentioned above. According to Assayed et 
al. (2014), the “aerobic oxidation of organic matter in sand filtration mainly occurs on the 
upper surface of sand where oxygen is available in enough quantities to oxidize most of 
organic matters.” Using this material in well-designed bioretention systems that are similar 
to Assayed et al. and Ushijima et al.’s will significantly improve the performance since 
more upper surfaces are induced, and oxygen is better contacted with the water inside the 
system. 
Bioretention system with this material and plant followed by chlorine disinfection will 
probably meet the PUB criteria for greywater reuse. Since 0.5 mg/ l to 2 mg/l total residual 
chlorine is required according to the PUB criteria, there must be chlorine disinfection 
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following bioretention systems. This research focused on removal of organic pollutant, 
especially anionic surfactant. TOC was used to represent the total amount of organic 
pollutants while the PUB criteria require BOD5. According to the GC/MS data, the 
chemicals in most peaks have 16 ~ 20 carbon atoms and a hydroxyl at one end, where 
biodegradation will be more easily happen. The formulas of these chemicals are basically 
CnH2n∙mH2O, the mass ratio of C:H is close to 12:2. When oxidized, every carbon atom 
requires one oxygen molecule, and every hydrogen atom requires 0.25 oxygen molecules. 
Thus, the TOC/COD ratio will be 12: (1*32+2*0.25*32) =1:4. There is no odour in the 
effluent, meaning the bottom of the columns may not be anaerobic. Even it is anaerobic, 
and all the chemicals turned into methane, the TOC/COD ratio will be 12: 
(1*32+4*0.25*32) = 1:5.33. The calculated COD will probably be higher than the real 
value. According to the literature review in Chapter 2, the BOD5/COD ratio of greywater 
worldwide is 0.4±0.13. However, since there is probably biodegradation in the bioretention 
systems, the BOD5/COD ratio could be much smaller than the influent. Gross et al. (2007) 
used constructed wetland for grey water treatment. BOD5 of the greywater was treated from 
466 mg/L to 0.7 mg/L. COD from 839 mg/L to 157 mg/L. The BOD5/COD ratio in the 
influent is 466/839=0.56 and 0.7/157=0.004 in the effluent. The TOC of effluent from the 
C2+5%GAC column is 2.162ppm, in the worst scenario, all chemicals turned into CH4, 
and the BOD5/COD ratio in the effluent is the same as that in the most biodegradable 
influent 0.47+0.13=0.60, the BOD5 calculated in this way is 2.162*5.33*0.60=6.9ppm. It 
is over 5ppm, but this situation is too extreme to be true. Assume that TOC/COD ratio is 
1:4 and BOD5/COD ratio is 0.47, the BOD5 calculated in this way is 
2.162*4*0.47=4.1ppm<5ppm. According to the literature review in Chapter 2, the 
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BOD5/TOC ratio of greywater worldwide is 1.2~2. Assume that the BOD5/COD ratio in 
the effluent is the same as that in the influent, the BOD5 calculated in this way is 
2.162*1.2~2=2.6~4.3ppm<5ppm. In the best scenario, when TOC/COD ratio is 1:4 and 
BOD5/COD ratio is 0.004, the BOD5 calculated in this way is only 
2.162*4*0.004=0.03ppm<5ppm. According to the results above, bioretention systems 
using the C2+5%GAC engineered soil as filter material is very likely to reduce the BOD5 
to below 5ppm. It is worthwhile to test this material in pilot scale bioretention systems 
followed by chlorine disinfection and using real greywater as influent. Since chlorine 
disinfection may also reduce some BOD5, if properly optimized, even the C2 material alone 
without GAC could reduce the BOD5 to below 5 ppm. 
The effluent is transparent, has no offensive odour or color. Since there will be chlorine 
disinfection after that in the real situation, the PUB criteria of odour color and turbidity 
will probably be satisfied. The pH of greywater is often more than 7. A real bathroom 
greywater sample in Singapore has a pH of 9.66, and a laundry greywater sample here has 
a pH of 7.12. The pH of the feed water for column experiment is 8.54, and that of the 
effluent from c1 is 8.09, and c2 7.66. The materials tested could help to keep the pH in the 
required 6~9 zone, and chlorine disinfection can also adjust the pH to this range.  For total 
coliform, E.coli, total Legionella count and standard plate count / heterotrophic plate count, 
bioretention system can reduce some bacteria by filtering and adsorption, but chlorine 




Chapter 5 Conclusion 
In batch experiment and column experiment, C2 and 5% GAC has the best performance as 
filter material. In the column test, this material reduces 99.33% anionic surfactants, and 
97.27% TOC to 2.162mg/L. Based on the GC/MS results of the organic pollutants in 
greywater and literature review, the BOD5 of this effluent will probably be below 5ppm 
and satisfy the PUB guideline. C2 soil can reduce the pH in greywater from 8.54 to 7.66, 
this will help to keep the pH between 6 and 9, as PUB requested. Since 0.5 mg/ l to 2 mg/l 
total residual chlorine is required according to the PUB criteria, it is necessary to use 
chlorine disinfection following bioretention systems. With the help of chlorine disinfection, 
the requires about odour, color, turbidity, total coliform, E.coli, total Legionella count and 
standard plate count / heterotrophic plate count can probably be satisfied.   
This material includes a large percentage of top soil, wastewater treatment residue and 
coconut fibers, which are cost-effective and abundant in Singapore. It also reduced the sand 
percentage to below 30% compared to over 80% in other parts of the world, which will 
save the sand imported from remote countries at a high price. 
This research showed that bioretention systems can be an important part of greywater 
treatment system. In the future, this system can be combined with chlorine disinfection. It 
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